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Adenovirus 12 (Ad12), but not adenovirus 2 or 5, induces metaphase chromosome fragility at four specific loci in humans:
RNU1, RNU2, PSU1, and RN5S. As each of these sites corresponds to a tandemly repeated multigene family encoding a small,
abundant structural RNA, we proposed that Ad12 hinders metaphase chromatin condensation, interfering either directly or
indirectly with transcriptional regulation or chromatin packing of these small RNA genes. We and others subsequently found
that Ad12-induced fragility of the RNU2 locus requires U2 promoter elements, viral early functions, and p53. We now show
that RNU2 fragility can be induced by transfection with an expression vector encoding Ad12 E1B 55 kDa alone but not by an
E1 vector encoding all E1 products (3 E1A proteins, as well as the E1B 19 kDa and 55 kDa proteins). Although Ad12 E1B 55
kDa efficiently induced fragility in transfected cells, Ad2 E1B 55 kDa did not. By swapping domains between the Ad12 and
Ad2 E1B, we found that the aminoterminus of Ad12 E1B is required for induction of fragility and that the ability of the hybrid
E1B proteins to induce fragility appears to correlate with nuclear localization. Furthermore, in Saos-2 cells lacking p53
function, RNU2 fragility could be induced by cotransfection with vectors encoding Ad12 E1B 55 kDa and either wild-type p53
or the R273H mutant with impaired DNA binding activity. We conclude that a functional (and probably physical) interaction
between Ad12 E1B 55 kDa and p53 within the nucleus is sufficient to induce metaphase fragility of the RNU2 locus. © 1999
Academic PressINTRODUCTION units encoding small, abundant structural RNAs might
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pAdenovirus 12 (Ad12) is oncogenic in rodents, but
denoviruses 2 and 5 are not, apparently due in part to
ownregulation of MHC class I expression by the Ad12
1A 13S mRNA-encoded proteins (Pereira et al., 1995;
chouten et al., 1995; Shenk, 1996). Adenovirus 12, but
ot adenovirus 2 or 5, also induces four sites of meta-
hase chromosome fragility in human cells infected at
ow multiplicity (zur Hausen, 1967). At higher multiplicity,
oth Ad12 and Ad2 or Ad5 induce generalized chromo-
ome fragility (zur Hausen, 1967; Schramayr et al., 1990).
urprisingly, these four chromosome ‘‘modification’’ sites
olocalize with four tandemly repeated multigene fami-
ies (Bernstein et al., 1985; Lindgren et al., 1985a,b; So-
ensen et al., 1991): the human U1 snRNA (small nuclear
NA) genes at 1p36 (the RNU1 locus), the U2 snRNA
enes at 17q21–22 (RNU2), a moribund family of U1
nRNA pseudogenes at 1q12–q22 (PSU1), and the 5S
ibosomal RNA genes at 1q42–43 (RN5S). We therefore
uggested that clusters of short, strong transcription
1 Present address: Department of Microbiology and Infectious Dis-
ases, Faculty of Medicine, Universite´ de Sherbrooke, 3001 12e Avenue
ord, Sherbrooke, Quebec J1H 5N4, Canada.
2 To whom reprint requests should be addressed at Department of
olecular Biophysics and Biochemistry, Yale University, 266 Whitney
venue, P.O. Box 208114, New Haven, CT 06520-8114. Fax: (203) 432-
047. E-mail: weiner@biomed.med.yale.edu.11nterfere with local metaphase chromatin condensation
Lindgren et al., 1985a); however, this did not explain how
iral functions might perturb condensation or why none
f the four modification sites was constitutively fragile in
he absence of viral infection.
Consistent with our hypothesis that a cluster of small
NA genes might be necessary and sufficient for virally
nduced fragility, we (Bailey et al., 1995) and others (Li et
l., 1993; Gargano et al., 1995) found that an artificial
andem array of active, but not inactive, U2 snRNA genes
ill generate a new Ad12-inducible fragile site. More-
ver, only the minimal U2 snRNA transcription unit was
equired for Ad12-induced fragility of the RNU2 locus,
hus excluding a role for chromosomal sequences flank-
ng the RNU2 locus (Pavelitz et al., 1995; Liao et al., 1997)
nd for any other sequences within the 6.1-kb U2 repeat
nit including the CT microsatellite (Liao and Weiner,
995) and the solo LTR (Pavelitz et al., 1995; Liao et al.,
998). Similarly, an artificial tandem array of active U1
nRNA genes also generates a new Ad12-inducible frag-
le site (Li et al., 1998a).
A variety of evidence suggests that Ad12 early func-
ions may interact physically with cellular p53 to induce
NU1 and RNU2 fragility. The early E1 transforming re-
ion of Ad2, -5, and -12 contains two independent tran-
cription units, E1A and E1B. E1A encodes three related
roteins (encoded by the alternatively spliced 13S, 12S,0042-6822/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
and 9S mRNAs), whereas E1B encodes two unrelated
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12 LIAO, YU, AND WEINERroteins (the 19 kDa and 55 kDa proteins encoded in
verlapping reading frames). The ability of intact Ad12
irus to induce fragility in human cells is greatly reduced,
ut not entirely abolished, by mutations in the E1B 55
Da protein (Schramayr et al., 1990). The Ad2, -5, and -12
1B 55 kDa proteins are known to bind and repress the
53 transactivation domain (Kao et al., 1990; Yew and
erk, 1992; Yew et al., 1994; reviewed in Bischoff et al.,
996). (For simplicity, we refer the large E1B proteins of
d2, -5, and -12 as ‘‘55 kDa’’ although the actual molec-
lar weights are slightly different.) In addition, the Ad5
1B 55 kDa protein can associate with the viral E4orf6 34
Da protein, which is known to inhibit p53 transactivation
Dobner et al., 1996) and repression (Nevels et al., 1997)
nd can relocalize Ad5 E1B 55 kDa protein from cyto-
lasm to nucleus (Goodrum et al., 1996).
Using a complementation assay, we recently found
hat Ad12 cannot induce fragility in cells lacking p53, but
irally induced fragility can be rescued by expression of
ild-type p53 or p53 mutants with defects in the core
NA binding domain (Li et al., 1998b). Here we show that
ransfection of HT1080 cells with expression vectors en-
oding Ad12 E1B 55 kDa, but not Ad2 E1B 55, efficiently
nduces RNU2 fragility. We also found that cotransfection
f Saos-2 cells (lacking p53) with expression vectors
ncoding p53 (wild-type or mutant R273H) and Ad12 E1B
5 kDa is sufficient to induce fragility. We exploited this
ransfection assay to determine, by swapping domains
etween the Ad12 and Ad2 E1B 55 kDa proteins, that the
ighly divergent aminoterminal region of the Ad12 pro-
ein (residues 1–149) was essential for fragility, whereas
he more highly conserved carboxyl-terminal region (res-
dues 150–495) could be supplied by either protein. We
lso found that the ability of the E1B 55 kDa swap
roteins to induce RNU2 fragility correlated well with the
resence of the Ad12 aminoterminus and nuclear local-
zation. As p53 is required for Ad12-induced fragility (Li et
l., 1998b) and is largely nuclear (Zantema et al., 1985;
an der Heuvel et al., 1993), we conclude that the amin-
terminus of the Ad12 E1B 55 kDa protein confers nu-
lear localization and that metaphase fragility of RNU2
ocus is induced by a functional, if not physical, interac-
ion between Ad12 E1B 55 kDa and cellular p53 within
he nucleus.
The residual fragility induced by intact Ad12 virus lack-
ng E1B 55 kDa function (Schramayr et al., 1990) may be
ue to other viral proteins that can interact with p53,
uch as the 12S and 13S E1A products and the E4orf6 34
Da protein; such interactions could also explain why
xpression of Ad12 55 kDa induces fragility in our trans-
ection assay but expression of the intact Ad12 E1 region,
ncoding all E1A and E1B proteins, does not. Finally, we
peculate that the functional or physical interaction of
d12 55 kDa with cellular p53 phenocopies the effect of
NA damage on p53, as this would explain the puzzling
bservation that DNA-damaging agents such as actino-MacArthur et al., 1998) can also induce RNU1 and RNU2
ragility.
RESULTS
1B 55 kDa alone can induce RNU2 fragility
Although adenovirus is a large (36 kb) linear duplex
NA virus with multiple, alternatively spliced transcrip-
ion units of considerable complexity, several observa-
ions suggested that Ad12-induced chromosome fragility
ight be caused by expression of one or a few viral
roteins. First, Durnam et al. (1986) observed that ex-
ression of the intact Ad12 E1 region was sufficient to
nduce constitutive fragility of the human RNU2 locus in
mouse/human hybrid cell line. Second, Schramayr et
l. (1990) demonstrated that mutations in the Ad12 E1B
5 kDa transforming protein significantly reduced the
bility of whole virus to induce fragility, but mutations in
he E1B 19 kDa antiapoptotic protein had no such effect
Schramayr et al., 1990). Third, the Ad2, -5, and -12 E1B 55
Da proteins were known to interact with p53 (Kao et al.,
990; Yew and Berk, 1992; Grand et al., 1994; Yew et al.,
994). Fourth, Ad12 could not induce RNU2 fragility in
aos-2 cells lacking endogenous p53 unless p53 func-
ion was supplied by transduction or transfection (Li et
l., 1998b). Taken together, these observations sug-
ested that coexpression of Ad12 E1B 55 kDa and p53
ight be sufficient to induce locus-specific chromosome
ragility.
To test this hypothesis, we asked whether transfection
f HT1080 cells with an Ad12 E1B 55 kDa expression
ector could induce fragility of the resident RNU2 locus
n the absence of all other viral functions. In this assay,
ormal p53 function is supplied by the HT1080 host
Linke et al., 1996; G. M. Wahl, personal communication;
lso see Table 1 legend). Vectors expressing HA-tagged
d2 and Ad12 E1B 55 kDa protein or the intact Ad12 E1
egion (Ad2 HA-E1B, Ad12 HA-E1B, and pHAB6, respec-
ively) were introduced into HT1080 cells by transfection.
he cells were then grown for 30–48 h, arrested with
olcemid for 3 h, harvested for FISH, and subjected to in
itu hybridization using a biotinylated DNA probe for the
2 snRNA genes as described (Bailey et al., 1995). As
hown in Fig. 1 and quantified in Table 1, the fragile
henotype (splitting of the RNU2 signal) was observed in
2% of the metaphases from HT1080 cells transfected
ith Ad12 HA-E1B but in only 21% of the metaphases
rom HT1080 cells transfected with Ad2 HA-E1B and in
4% of metaphases from mock-transfected HT1080. Thus
he Ad12 E1B 55 kDa protein alone, but not its Ad2
ounterpart, can induce RNU2 fragility. This parallels the
bility of Ad12, but not Ad2/5, to induce locus-specific
hromosomal fragility (zur Hausen, 1967; Schramayr et
l., 1990). Surprisingly, although transfection with Ad12
1 55 kDa alone causes RNU2 fragility, transfection with
he entire E1 region expressing both E1A and E1B func-
t
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13INDUCTION OF RNU2 FRAGILITY BY Ad12 E1B 55 kDa AND p53ions (plasmid pHAB6; Mak et al., 1986) induced only
ackground levels of RNU2 fragility (17% split signals).
his suggests that the E1A 12S and 13S products may
hysically or functionally antagonize the interaction of
1B 55 kDa with p53 (Horikoshi et al., 1995; Steegenga et
l., 1996).
Next we asked whether stable expression of the Ad12
1B 55 kDa protein alone or expression of the entire E1
egion (E1A and E1B proteins) would induce RNU2 fra-
ility. The G401-CC3 cell line expresses high levels of
d12 E1B 55 kDa protein alone; G401-1-9 expresses the
d12 E1 region; and G401-512RC3 expresses Ad12 E1B
5 kDa and E1B 19 kDa protein together with Ad5 E1A
roteins (Steegenga et al., 1995b; A. G. Jochemsen, per-
onal communication). As shown in Fig. 1 and quantified
n Table 1B, only a very low background level of split
NU2 signals (2%) was seen in the parental G401.6TG.C6
habdoid kidney tumor cell line. (Note that background
evels of split RNU2 signals differ markedly from one cell
ine to another but are consistent from day to day and are
E1B 55 kDa Expression in HT1080 Cells (
A.
E1B 55 kDa swap constructsb
R
Percentage
of cells
HA-E1B(2/12/12) 18
E1B(2/2/12) 21
HA-E1B(12/2/2) 51
HA-E1B(12/12/2) 56
Intact Ad2 HA-E1B 21
Intact Ad12 HA-E1B 52
Mock transfection 14
Control 12
B. G4
Cell linef E1 expression
401.6TG.C6 None
401-CC3 Ad12 E1B 55 kDa
401-1-9 All Ad12 E1 proteins
401-512RC3 Ad5 E1As and Ad12 E1Bs
a HT1080 cells from the ATCC Type Culture Collection have normal p
ersonal communication). Another HT1080 line in circulation is a compoun
b The E1B 55 kDa swap constructs are: HA-E1B(2/12/12): HA-Ad
1B(12/2/2): HA-Ad12(1-135)/Ad2(150-495); and HA-E1B(12/12/2): HA-Ad
c At least 50 metaphases were examined for each datum. All data w
ssay (Lim and Chae, 1989). Mock transfection indicates that cells wer
n previous publications (Bailey et al., 1995; Li et al., 1998a,b; Yu et al., 1
ne fragile RNU2 locus, and “percentage of RNU2 loci” indicates the p
d Nuclear localization of the E1B 55 kDa protein was determined by
e ND, not determined. As described under Materials and Methods, the
ed to deletions and insertions that abolished the open reading frame (OR
f G401.6TG.C6 is a subclone of rhabdoid kidney tumor cell line G40
401-1-9 stably expresses all Ad12 E1 region proteins, while G401-512
Da protein (Steegenga et al., 1995b; A. G. Jochemsen, personal commssentially independent of growth conditions). Expres-
ion of the intact Ad12 E1 region (G401-1-9), or Ad12 E1B
5 kDa together with Ad5 E1A proteins (G401-512RC3),
ncreased fragility to 10 and 34%, respectively, and ex-
ression of Ad12 E1B 55 kDa alone induced the highest
evels of fragility (69%). We conclude that Ad12 E1B 55
Da protein alone can induce substantial levels of RNU2
ragility and that coexpression of E1A proteins and/or
1B 19 kDa protein partially represses the E1B 55 kDa
ffect.
oexpression of p53 and Ad12 E1B in Saos-2 cells is
ufficient to induce metaphase fragility of the RNU2
ocus
We showed recently that the cellular tumor suppressor
53 is required for Ad12-induced chromosome fragility
Li et al., 1998b). This together with the data presented
bove indicates that p53 and E1B 55 kDa play a key role
n Ad12-induced RNU2 fragility. In our previous studies,
G401.6TG.C6 (B) Induces RNU2 Fragility
0a
gilityc
E1B 55 kDa localizationd
Percentage
of RNU2 loci
10 Cytoplasmic
15 NDe
37 Nuclear
40 Nuclear
12 Cytoplamic
38 Nuclear
9
8
.C6
Percentage of cells
exhibiting RNU2 fragility E1B 55 kDa localizationd
2%
69% Nuclear
10% Nuclear
34% Nuclear
ction with a defect downstream of p21 (Linke et al., 1996; G. M. Wahl,
ozygote (Sharma et al., 1993; Anderson et al., 1994; Pellegata et al., 1996).
)/Ad12(136-482); HA-E1B(2/2/12): HA-Ad2(1-354)/Ad12(341-482); HA-
40)/Ad2/355-495).
rmalized to transfection efficiency as judged by b-galactosidase color
fected with pCH110 (Pharmacia) which expresses b-galactosidase. As
ercentage of cells” indicates the percentage of cells exhibiting at least
age of total RNU2 loci exhibiting fragility.
dy staining and fluorescence microscopy as described in the text.
onstruct E1B(2/2/12) was unstable, and prolonged propagation in E. coli
thus were unable to tag this construct with the HA peptide (see text).
1-CC3 stably expresses high levels of the Ad12 E1B 55 kDa protein;
presses Ad5 E1As and Ad12 E1B 55 kDa as well as the Ad12 E1B 19
ion).A) and
HT108
NU2 fra
01.6TG
53 fun
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ere no
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14 LIAO, YU, AND WEINERowever, E1B 55 kDa function was provided by intact
d12 virus, so it was unclear whether p53 and E1B 55
Da alone were sufficient to cause fragility. To resolve
his issue, we employed a complementation assay for
53 and E1B 55 kDa protein function in Saos-2 osteo-
arcoma cells that lack endogenous p53 function (Chen,
t al., 1990; Uzvolgyi et al., 1991). Expression vectors
ncoding p53 and various E1B 55 kDa constructs were
ransfected into Saos-2 cells by calcium-phosphate pre-
ipitation. To increase the mitotic index, colcemid was
dded to transfected cells 3 h before harvest. Metaphase
preads were made from the transfected cells and sub-
ected to FISH using a biotinylated U2 probe. As sum-
arized in Table 2, both wild-type p53 and the hot-spot
273H mutant can cooperate with Ad12 E1B 55 kDa
rotein to induce fragility. Consistent with data presented
FIG. 1. Ad12 E1B 55 kDa expression in HT1080 cells induces RNU2 f
ransfection. After growth for 30–48 h, the cells were arrested with colce
etaphase chromosomes are shown; data are quantified in Table 1. N
ispersed U2 retropseudogenes (van Arsdell and Weiner, 1984a,b). As d
pans a broad range of chromosome morphology from separation or
plitting, smearing, intensification, or displacement of the RNU2 signal
ubtle splitting or smearing of the RNU2 signal is ever seen in the abse
f the RNU2 signal in one chromatid was frequently seen (denoted with
as seen as single spot on both chromatids (A).bove, Ad2 E1B 55 kDa protein failed to cause fragility in
he presence of either wild-type p53 or mutant R273H.
hus Ad12 E1B 55 kDa and p53 are sufficient to induce
NU2 fragility.
uclear localization of E1B 55 kDa protein correlates
ith the ability to induce chromosome fragility
The Ad2 and Ad12 E1B 55 kDa proteins are homologs
nd exhibit substantial sequence identity (Fig. 2A). Al-
hough the aminoterminal similarity between the Ad2/5
nd Ad12 55 kDa proteins is weak (residues 1–26, Ad2
umbering system) or modest (residues 121–152), the
arboxylterminal similarity is very strong (residues 153–
99). The region responsible for p53 binding is located
ithin the conserved carboxyl-terminus of Ad2 E1B 55
Various E1B expression vectors were introduced into HT1080 cells by
rvested for FISH, and probed for U2 snRNA genes. Only representative
t the U2 gene probe (Bailey et al., 1995) does not detect abundant but
ed previously (Bailey et al., 1995; Li et al., 1998b), Ad12-induced fragility
g of individual chromatids; dislocation of the chromosome axis; and
e bulk of chromosomal DNA seen by DAPI staining. Only occasional
E1B functions. In Ad12 E1B 55 kDa transfected HT1080 cells, splitting
panels B–D), whereas in untransfected HT1080 cells, the RNU2 signalragility.
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15INDUCTION OF RNU2 FRAGILITY BY Ad12 E1B 55 kDa AND p53Da (Kao et al., 1990) yet, as shown above, only the Ad12
nd not the Ad2 E1B 55 kDa protein induces chromo-
ome fragility. To determine which Ad12 E1B 55 kDa
egions are important for induction of fragility, we con-
tructed four hybrid Ad12/Ad2 E1B 55 kDa proteins
‘‘swaps’’). As shown in Fig. 2B, HA-E1B(2/12/12) encodes
d2 E1B 55 kDa from the aminoterminus to Q149 fol-
owed by Ad12 from K136 to the carboxylterminus. E1B(2/
/12) (not tagged with HA peptide) encodes Ad2 E1B 55
Da from the aminoterminus to A354 followed by Ad12
rom R341 to the carboxylterminus. HA-E1B(12/2/2) en-
odes Ad12 E1B 55 kDa from the aminoterminus to Y135
ollowed by Ad2 sequence from K150 to the carboxylter-
inus. Finally, HA-E1B(12/12/2) encodes Ad12 E1B 55
Da from the aminoterminus to M340 followed by the
d2 from S355 to the carboxylterminus. These constructs
ere transfected into HT1080 cells and Saos-2 cells, and
hromosome fragility was scored as before. As shown in
able 1, 40 and 38% of metaphases exhibited RNU2
ragility in HT1080 cells transfected with HA-E1B(12/2/2)
nd HA-E1B(12/12/2), but only 15 and 10% of the met-
phases were fragile in cells transfected with HA-E1B(2/
2/12) and E1B(2/2/12). Similar results were obtained
sing Saos-2 cells cotransfected with p53 (wild type or
273H mutant) and the E1B 55 kDa constructs (Table 2).
ince HA-E1B(2/12/12) and E1B(2/2/12) carry the amino-
erminus of the Ad2 E1B 55 kDa protein, but HA-E1B(12/
/2) and HA-E1B(12/12/2) carries the aminoterminus of
he Ad12 E1B 55 kDa protein, these results suggest that
he aminoterminus of the Ad12 E1B 55 kDa protein is
ssential for induction of chromosome fragility.
Coexpression of Ad12 E1B 55 kDa and p53 in Saos-2 Cells
is Sufficient to Induce RNU2 Fragility
p53 expressiona
E1B 55 kDa
constructsb
RNU2 fragilityc
Percentage
of cells
Percentage
of RNU2 loci
ild type Intact Ad12 HA-E1B 42 28
ild type Intact Ad2 HA-E1B 18 10
273H Intact Ad12 HA-E1B 44 28
273H Intact Ad2 HA-E1B 13 7
ild type HA-E1B(2/12/12) 18 9
ild type HA-E1B(2/2/12) 14 7
ild type HA-E1B(12/2/2) 45 32
ild type HA-E1B(12/12/2) 48 32
ild type None 14 7
ock transfection None 15 8
ontrol None 13 7
a The p53 expression vectors have been described previously (Baker
t al., 1992; Kern et al., 1992).
b The E1B 55 kDa constructs are described under Materials and
ethods.
c At least 50 metaphases were examined for each datum. All data
ere normalized to transfection efficiency as judged by the b-galacto-
idase color assay (Lim and Chae, 1989). Mock transfection was with
0 mg of the pCH110 b-galactosidase expression vector.ype and hybrid E1B 55 kDa proteins were expressed in
he transient assays (Fig. 3). The wild-type Ad2 and Ad12
1B 55 kDa proteins were well expressed in transfected
ells as were the HA-E1B(2/12/12), HA-E1B(12/2/2), and
A-E1B(12/12/2) hybrids, but HA-E1B(2/2/12) was not de-
ected. This was not surprising, however, because the
ntact HA-E1B(2/2/12) coding region could not be propa-
ated in E. coli; numerous mutations accumulated within
he coding region of this hybrid 55 kDa, and the C
esidue within codon 47 (GCA) was deleted, nearly abol-
shing the ORF of this hybrid protein. Fortunately, we
ere able to obtain untagged E1B(2/2/12), which we
loned into pcDNA3.1(2). This construct was used for
he transfection assays described above. Much to our
ismay, however, the coding region of E1B(2/2/12) was
ound to be interrupted by a 1.3-kb insertion after pro-
onged propagation in the E. coli host JM109. DNA se-
uencing indicated that the inserted element is an IS10
lement derived from the Tn10 transposon. IS10 is known
o be capable of independent transposition as a discrete
nit (for a review, see Kleckner, 1983). The sequence
here the IS10 was inserted (TGCTTGGCA) matches
ell with the consensus sequence (NGCTNAGCN) of
n10 insertion hotspots (Kleckner, 1983). As expected,
irect repeats of this 9-nucleotide sequence flank the
nserted IS10 element in the E1B(2/2/12) coding region.
hese observations strongly suggest that the hybrid
1B(2/2/12) is toxic to E. coli. We do not understand why
his construct alone, of four closely related swap con-
tructs, would be toxic to the bacterial host, but the Ad5
1B 55 kDa gene (almost identical to its Ad2 counterpart)
s also unstable in some E. coli plasmids (Dobbelstein et
l., 1997).
We examined the nuclear localization the wild-type
nd 55 kDa swap proteins with the hope of understand-
ng why RNU2 fragility could be induced by wild-type
d12 E1B 55 kDa protein and the HA-E1B(12/2/2) and
A-E1B(12/12/2) hybrids, but not by Ad2 E1B 55 kDa or
he HA-E1B(2/12/12) hybrid. Transfected HT1080 cells, as
ell as G401-512RC3, G401-1-9 and G401-CC3 cells,
ere grown on coverslips, fixed, and stained either with
olyclonal antibodies raised against the aminoterminus
f the Ad12 E1B 55 kDa protein, with monoclonal anti-
ody 9C10 against the Ad2/5 E1B 55 kDa protein (Onco-
ene Science), or with monoclonal antibody 12CA5
gainst the HA peptide. The Ad12 E1B 55 kDa as well as
A-E1B(12/2/2) and HA-E1B(12/12/2) were localized
ainly within the nucleus, whereas Ad2 E1B 55 kDa and
A-E1B(2/12/12) were localized mainly in the cytoplasm
Fig. 4). All antibodies were highly specific and reacted
nly with transfected cells. Although cells stained with
nti-HA antibody 12CA5 exhibited background fluores-
ence, transfected cells generated much stronger sig-
als than nontransfected cells (Fig. 4, top two rows of
anels). These data suggest that nuclear localization
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16 LIAO, YU, AND WEINERorrelates with the ability of the hybrid E1B 55 kDa
roteins to induce chromosome fragility.
DISCUSSION
The pioneering work by Durnam et al. (1986) sug-
ested that the E1 transforming region of the oncogenic
denovirus type 12 (Ad12) might be sufficient for virally
nduced metaphase fragility of the human RNU1, RNU2,
SU1, and RN5S loci. Schramayr et al. (1990) subse-
uently demonstrated that E1B 55 kDa but not E1B 19
Da function is required for full induction of metaphase
hromosome fragility by intact virus. However, it is diffi-
ult to pinpoint the key viral function(s) when numerous
iral proteins are expressed upon infection and when
ransformation, replication, and (possibly) integration are
roceeding simultaneously. We therefore decided to in-
estigate the roles of individual proteins in the induction
f chromosome fragility. We had already demonstrated
hat the tumor suppressor p53 is required for fragility (Li
FIG. 2. E1B 55 kDa protein sequences and ‘‘swap’’ constructs. (A) C
ligned using PILEUP with a gap weight of 3 and a gap length weight
1 of 499 positions all of which are confined to the aminoterminus (resi
o the Ad2/5 proteins (residues 1–26), a region of modest similarity (res
otential tether rich in alanine and glycine is singly underlined. The p5
nd Berk, 1992; Yew et al., 1994). The E1B 55 kDa protein sequenc
019–3509 (Ad5); and X73487, nucleotides 1847–3295 (Ad12). (B) Hybrid
nd Ad12 protein sequences are indicated as bold residues in (A). The
omains, e.g., 2/12/12 indicates that the aminoterminal third of the pro
aterials and Methods for construction of expression vectors.t al., 1998b). Using a transfection assay, we show here
hat the Ad12 E1B 55 kDa protein alone is sufficient to
nduce chromosome fragility in the presence of p53 func-
ion; thus viral replication or integration is not required or
nvolved. In Saos-2 cells lacking endogenous p53, co-
ransfection of p53 and E1B 55 kDa is sufficient to induce
NU2 fragility. This work sets the stage for a detailed
olecular analysis of the mechanism of Ad12-induced
hromosome fragility because the effect of systematic
utations in Ad12 E1B 55 kDa and p53 can now be
ested in a simple cotransfection assay system.
Surprisingly, other E1 functions appear to inhibit E1B
5 kDa-induced chromosome fragility. The adenovirus E1
ransforming region encodes three related E1A proteins
nd two E1B proteins. The E1A proteins induce DNA
eplication in infected, nondividing cells and stimulate
ell growth and transformation (Branton et al., 1985;
yson and Harlow, 1992). E1A proteins exert these func-
ions through interactions with the retinoblastoma family
son of the Ad2, Ad5, and Ad12 E1B 55 kDa proteins. Sequences were
The Ad2 and Ad5 55 kDa proteins are 98% identical, differing at only
–134). The Ad12 55 kDa protein exhibits weak aminoterminal similarity
21–152), and strong carboxyl-terminal similarity (residues 153–499). A
ng domain from residues 215 to 354 in Ad2 is doubly underlined (Yew
GenBank J01917, nucleotides 2016–3503 (Ad2); X02996, nucleotides
Ad2 E1B 55 kDa proteins tested in this study. Junctions between Ad2
clature indicates that the 55 kDa sequence can be divided into three
derived from Ad2 and the carboxylterminal two-thirds from Ad12. Seeompari
of 0.1.
dues 1
idues 1
3 bindi
es are
Ad12/
nomen
tein is
of tumor suppressors (pRbs) (reviewed by Dyson and
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17INDUCTION OF RNU2 FRAGILITY BY Ad12 E1B 55 kDa AND p53arlow, 1992) and proteins of the p300/CBP transcrip-
ional coactivator family (Yaciuk and Moran, 1991; Lill et
l., 1997). The E1B 19 kDa protein is able to suppress
ytotoxic effects and premature cell death (apoptosis) of
denovirus-infected cells resulting from induction of
NA synthesis and cell proliferation by E1A (reviewed by
eodoro and Branton, 1997). It is possible that physical or
unctional interactions among these various E1 proteins
ay interfere with the ability of the 55 kDa protein to
nduce fragility. We observed that the expression of 55
Da protein in G401-512RC3 cells, which express all E1
roteins, is lower than in G401-CC3 cells expressing the
d12 E1B 55 kDa protein alone. Weaker expression may
imply reflect a difference in promoter strength—expres-
ion of the 55 kDa is driven by the natural Ad12 E1B
romoter in G401-512RC3, whereas the 55 kDa gene is
nder the control of the cytomegalovirus (CMV) promoter
n G401-CC3 (Steegenga et al., 1995b)—but it is also
ossible that the E1A proteins or the E1B 19 kDa protein
ay regulate 55 kDa expression levels. Interestingly, the
1B 55 kDa protein is localized exclusively in the nucleus
f G401-512RC3 cells (data not shown), but in both the
ytoplasm and nucleus of G401-CC3 cells, although the
uclear concentration of the 55 kDa protein appears to
e much higher (see Fig. 4). These observations raise
he interesting possibility that physical or functional in-
eractions between the E1B 55 kDa protein and other E1
roteins may exist and could affect 55 kDa-induced fra-
ility.
Which E1 proteins might interfere with the ability of 55
Da protein to induce fragility? The E1B 19 kDa protein is
nlikely to play any role in suppressing the effects of E1B
5 kDa, as a mutant virus lacking 19 kDa function does
ot induce fragility more efficiently than wild-type virus
Schramayr et al., 1990). E1A proteins, however, could
ffect induction of fragility by E1B 55 kDa. For example,
lthough p53 is wild type in G401 rhabdoid kidney tumor
ells (Steegenga et al., 1995a,b), it appears to exist as
nactive, high-molecular-weight oligomers in G401 cells
nd its derivatives when E1A proteins are present (Stee-
enga et al., 1996). If such p53 oligomers were unable to
ooperate with E1B 55 kDa protein, this could explain
hy various G401 cell lines exhibit reduced levels of
ragility (see Table 1). Interestingly, E1A also binds to the
ranscriptional coactivator p300/CBP, disrupting the p53-
300/CBP interaction and inhibiting p53-mediated tran-
criptional transactivation (Lill et al., 1997). Inhibition of
he p53–p300 interaction by E1A proteins may indirectly
ffect other p53 functions involved in fragility, perhaps by
ltering p53 conformation or exposing the protein to
osttranscriptional modifications. In addition, the E4 34
Da protein is known to bind to p53 (Dobner et al., 1996;
lso see discussion below). The complex network of
rotein–protein interactions may reflect a series of
‘checks and balances’’ employed by adenovirus to
chieve its goal: turning on viral replication without trig-ering apoptosis. Clearly, modulation of p53 function by
arious viral proteins is a key step in viral replication;
owever, p53 is a multifunctional protein, so modulation
f p53 functions by one viral function may require bal-
ncing modulation of p53 functions by another. It is even
ossible that induction of fragility by the E1B 55 kDa
ould be counterproductive for the virus, and E1A pro-
eins might be designed to antagonize this unproductive
onsequence of E1B 55 kDa function.
Our data suggest that nuclear localization of the E1B
5 kDa protein correlates with the ability to induce chro-
osome fragility at the RNU2 locus and that nuclear
ocalization is determined by the aminoterminus of the 55
Da protein. The Ad12 E1B 55 kDa protein and hybrid
wap proteins bearing the aminoterminal third of Ad12
nd the highly conserved carboxylterminal two-thirds of
he Ad2 E1B 55 kDa protein localize primarily in the
ucleus and can induce fragility, whereas the Ad2 E1B 55
Da protein and hybrid proteins bearing the aminotermi-
us of Ad2 localize mainly in the cytoplasm and fail to
nduce RNU2 fragility. These data could explain why
d12, but not Ad2/5 virus, induces specific chromosome
ragility. These observations are also consistent with our
ypothesis that physical and/or functional interaction be-
ween E1B 55 kDa protein and p53 is essential for in-
uction of chromosome fragility, because a hybrid E1B
5 kDa protein containing the aminoterminus of Ad12 but
he p53-binding carboxylterminal domain of Ad2 is suffi-
ient to cause fragility.
The E1B 55 kDa protein sequesters p53 within phase-
ense cytoplasmic bodies in Ad2/5-transformed cells
Sarnow et al., 1982), but p53 and E1B 55 kDa protein are
oth localized predominantly within the nucleus in Ad12-
ransformed cells (Zantema et al., 1985). In Ad5-infected
ells, however, expression of the E4 34 kDa protein
auses partial relocalization of the 55 kDa protein to the
ucleus (Goodrum et al., 1996). Subsequently, it was
hown that E4 34 kDa binds directly to E1B 55 kDa, and
FIG. 3. Expression of E1B 55 kDa protein in transfected cells. Ex-
racts of HT1080 cells transfected with HA-tagged E1B constructs were
esolved by denaturing SDS-10% polyacrylamide gel electrophoresis
nd proteins were transferred to a nitrocellulose membrane. HA-
agged proteins were detected using monoclonal antibody 12CA5.
T1080 cells were transfected with Ad2 HA-E1B (lane 1), Ad12 HA-E1B
lane 2), HA-E1B(2/12/12) (lane 3); HA-E1B(2/2/12) (lane 4), HA-E1B(12/
/2) (lane 5), HA-E1B(12/12/2) (lane 6) and mock transfected (lane 7).
rotein molecular weight markers are indicated on the right in kilodal-
ons. Other visible bands are cross-reacting cellular proteins that are
resent in virtually all human cell lines examined.
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18 LIAO, YU, AND WEINERhe resulting complex shuttles between cytoplasm and
ucleus (Dobner et al., 1996; Dobbelstein et al., 1997).
ther viral functions may also modulate interactions be-
ween p53 and E1B 55 kDa during viral infection. For
FIG. 4. Intracellular localization of the E1B 55 kDa protein. HT1080 ce
olyclonal antiserum directed against the Ad12 E1B 55 kDa aminoterm
ntibody 12CA5 directed against the HA tag [Ad2 HA-E1B and HA-E1B
mages are shown in the right column. Ad2 HA-E1B appears as perinu
ppears as a perinuclear ring except at mitosis when the protein is even
nd HA-E1B(12/12/2) localize predominantly in the nucleus (lower 3 roxample, the Ad5 E1B 55 kDa/p53 complex is difficult to
etect during Ad5 infection (Braithwaite and Jerkins,
989) although the two proteins form stable complex in
itro (Braithwaite and Jenkins, 1989; Kao et al., 1990) as
e transfected with the E1B 55 kDa constructs and stained with a rabbit
d12 HA-E1B, HA-E1B(12/2/2) and HA-E1B(12/12/2)] or the monoclonal
2)]. The cell nucleus was visualized by DAPI staining and the merged
pots along the nuclear periphery (top row), whereas HA-E1B(2/12/12)
ibuted throughout the cell (second row). Ad12 HA-E1B, HA-E1B(12/2/2)lls wer
inus [A
(2/12/1
clear s
ly distr
ws).
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19INDUCTION OF RNU2 FRAGILITY BY Ad12 E1B 55 kDa AND p53ell as in transformed cells (Sarnow et al., 1982). This
ould reflect the ability of E1B 55 kDa to downregulate
53 translation (Ridgway et al., 1997) or the ability of E1B
5 kDa, in conjunction with E4orf6, to target p53 for
egradation (Steegenga et al., 1998).
Nuclear localization of the E1B 55 kDa protein may
epresent a balance between import and export. The
d2/5 55 kDa protein contains a possible nuclear export
ignal (NES) (Fig. 2A, aligned positions 83–93) lacking in
he Ad12 E1B 55 kDa counterpart (Fig. 5). This sequence
otif is similar to the NES of the HTLV-1 Rex protein and
ontains critical hydrophobic residues that are con-
erved in the NESs of diverse proteins (Fig. 5). The
utative NES may explain why Ad2/5 E1B 55 kDa, but not
he Ad12 counterpart, is predominantly localized in the
ytoplasm as we and others observe (Sarnow et al.,
982; Dobbelstein et al., 1997). The situation is further
omplicated because the E4orf6 product, which com-
lexes with E1B 55 kDa, also contains an NES (Dobbel-
tein et al., 1997). We do not yet know whether the
utative NES in the Ad2/5 E1B 55 kDa protein is func-
ional, but it is attractive to speculate that both the 55 kDa
nd E4orf6 NESs could be related to the role of these
roteins in viral mRNA transport (Dobbelstein et al.,
997).
Intriguingly, treatment with DNA-damaging agents
uch as cytosine arabinoside (araC) and very low con-
entrations of actinomycin D (5 ng/ml) induce the very
ame fragile sites as infection with Ad12 and transfection
ith Ad12 E1B 55 kDa; moreover, drug-induced fragility is
imilarly dependent on p53 function and the transcrip-
ional activity of the chromosomal loci (MacArthur et al.,
998; Yu et al., 1998). Since Ad12 E1B 55 kDa and p53 are
equired to induce locus-specific metaphase chromo-
ome fragility, and DNA-damaging agents that presum-
bly activate p53 (Waterman et al., 1998) induce the
ame chromosomal phenotype, we speculate that phys-
cal and/or functional interaction of the Ad12 E1B 55 kDa
rotein with p53 activates p53 as if DNA damage had
ccurred. The ‘‘activated’’ p53 would then be the proximal
ause of RNU1, RNU2, PSU1, and RN5S fragility. How-
FIG. 5. A putative nuclear export signal (NES) at the aminoterminus
f the Ad2/5 E1B 55 kDa protein. The putative NES is compared with
everal known NESs. Critical hydrophobic residues are indicated in
old. Sequences are numbered as in the full-length proteins. Refer-
nces: human T cell lymphotropic virus 1 (HTLV-1) Rex (Palmeri and
alin, 1996); human adenovirus 5 E4 34 kDa (Dobblestein et al., 1997);
uman immunodeficiency virus 1 (HIV-1) Rex (Fisher et al., 1995);
isna-maedi virus (VMV) Rex (Tiley et al., 1991); cAMP-dependent pro-
ein kinase inhibitor (PKI) (Wen et al., 1995); and transcription factor
FIIIA (Fridell et al., 1996).equence-specific DNA binding because we have previ-
usly shown that four different severe mutations in the
entral DNA binding domain of p53 (V143A, R175H,
248W, R273H) do not affect induction of fragility (Li et
l., 1998b).
How could activated p53 induce locus-specific fragility
ithout binding sequence-specifically to DNA? Three
ecent observations suggest a model: p53 directly binds
SB in vitro (Wang et al., 1995); CSB functions as a pol II
longation factor in vitro (Selby and Sancar, 1997); and
he RNU1, RNU2, PSU1, and RN5S loci are constitutively
ragile in Cockayne syndrome group B (CSB) fibroblasts
Liao and Weiner, unpublished data). Our model, to be
resented elsewhere (Liao et al., in preparation), postu-
ates that activated p53 sequesters scarce CSB; CSB
ormally functions as a preferential elongation factor for
he highly structured U1, U2, and 5S small RNAs; RNA
olymerases II and III stall on these genes in the ab-
ence of CSB function; and stalled polymerases interfere
ith metaphase condensation of chromosomal loci con-
aining high concentrations of genes encoding highly
tructured RNAs.
Our data underscore the functional complexity of the
1B 55 kDa oncoprotein. E1B 55 kDa not only inhibits
53-mediated transcriptional transactivation (Yew and
erk, 1992; Yew et al., 1994; Steegenga et al., 1995a,b),
elieves p53-mediated transcription repression (Stee-
enga et al., 1995b), and promotes viral mRNA transport
n cooperation with the E4 34 kDa protein (Dobbelstein et
l., 1997) but also induces locus-specific chromosome
ragility. The ability of Ad12 infection, Ad12 E1B 55 kDa
ransfection, and two different DNA damaging reagents
o induce the same sites of chromosome fragility in a
53- and transcription-dependent manner leads us to
redict that binding of Ad12 E1B 55 kDa to p53 causes a
odification of p53 or a conformational change that
ounterfeits activation of p53 by DNA damage.
MATERIALS AND METHODS
d12 and Ad2 E1B, and Ad12 E1 expression vectors
The Ad12 and Ad2 E1B 55 kDa expression plasmids
ere kind gifts of Dr. Arnold Berk (Yew and Berk, 1992).
ote, however, that the Ad2 E1B-expression plasmid
ontains a PstI–SacI fragment of the Ad2 genome (posi-
ions 1830–3632) not the partial PstI–PstI fragment (po-
itions 1830–3776) originally described (Yew and Berk,
992). This Ad2 fragment was then cloned into pBlue-
cript II KS(1) (Stratagene) and used as template for PCR
mplification. To facilitate detection of the E1B proteins,
he Ad2 and Ad12 E1B 55 kDa genes were aminotermi-
ally tagged by PCR with the 9 residue influenza hem-
gglutinin (HA) epitope. The 59 end of each PCR primer
ncluded an EcoRI site: the 59 primer oligo Ad2-HA was
9-AAGAATTCATGTACCCATACGATGTTCCAGATTACGC-
GGATCCatggagcgaagaaacccatct-39 (EcoRI site in bold,
HA coding region underlined, BamHI site italicized, amino-
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20 LIAO, YU, AND WEINERerminal Ad2 E1B 55 kDa coding sequence, lowercase),
nd the 39 primer was the M13 reverse primer (59-
GAAACAGCTATGACCATG-39). The PCR products were
igested with EcoRI and cloned into the unique EcoRI site
f the expression vector pcDL-SRa296 driven by the SV40
arly promoter under control of the human T-cell leukemia
irus type I enhancer (Takebe et al., 1988). Similarly the
A-tagged Ad12 E1B 55 kDa was constructed by PCR
sing primer pair Ad12-HA and oligo 6 (oligonucleotide
equences are described below). The E1B-coding regions
ere verified by resequencing, and the tagged 55 kDa
xpression constructs designated Ad2 HA-E1B and Ad12
A-E1B, respectively. Expression of the intact Ad12 E1
egion, cloned in plasmid pHAB6 (Mak et al., 1986), was
riven by the natural viral promoters.
onstruction of Ad12/Ad2 E1B 55 kDa swap proteins
Four Ad12/Ad2 E1B 55 kDa swap proteins were con-
tructed (Fig. 2). The HA-E1B(2/12/12) construct encodes
d2 E1B from the aminoterminus to Q149 followed by
d12 sequence from K136 to the carboxylterminus. HA-
1B(2/2/12) encodes Ad2 E1B from the aminoterminus to
354 followed by Ad12 E1B segment from R341 to the
arboxylterminus. HA-E1B(12/2/2) encodes Ad12 E1B
rom the aminoterminus to Y135 followed by Ad2 se-
uence from K150 to the carboxylterminus, and HA-
1B(12/12/2) encodes Ad12 E1B from the aminoterminus
o M340 followed by the Ad2 segment from S355 to the
arboxylterminus. The Ad2 region of HA-E1B(2/12/12)
as amplified by PCR using the 59 primer oligo HA-Ad2
see above) and the 39 primer oligo 8 (59-CTGCGCCAG-
AGATCAAGCT-39; Sau3AI site underlined) complemen-
ary to Ad2 positions 2443–2462 (numbering as in NID
209811). The Ad12 region of HA-E1B(2/12/12) was am-
lified using primer oligos 4a and 6. Oligo 4a is 59-
GCTaGATCTGCTGGCGCAGaaatacagttttgaacaatta-39.
he first 20 nt correspond to Ad2 sequences 2443–2462,
xcept the lower case A, which was mutated from T to
ntroduce a BglII site (AGATCT) to facilitate cloning; this
utation is not present in the final construct HA-E1B(2/
2/12). The underlined sequence in oligo 4a encodes
d12 E1B 55 kDa residues K136–L142. Oligo 6 is 59-
AGAATTCGGTAACCTGGAAGTCAAATAA-39 where the
nderlined sequence lies 39 to the E1B 55 kDa termina-
ion codon and is complementary to Ad12 positions
430–3450 (numbering as in GenBank NID g313361).
A-E1B(2/12/12) was generated by ligation of the Sau3AI
nd BglII ends. The other three hybrid expression vec-
ors, HA-E1B(2/2/12), HA-E1B(12/2/2) and HA-E1B(12/12/
), were constructed similarly. In brief, the Ad2 region of
A-E1B(2/2/12) was amplified using oligo Ad2-HA and
ligo 9 (59-CATCTGAGAGGCCCTGTCCTC-39) comple-
entary to Ad2 coding sequences 3066–3086 (EcoO109I
ite underlined). The Ad12 region was amplified using
ligos 3 and 6. Oligo 3 is 59-GAGGACAGGGCCcgacgttt-d12 sequences 2867–2887 uppercase). HA-E1B(2/2/12)
as generated by ligating the EcoO109I ends of the two
ragments. For HA-E1B(12/2/2) and HA-E1B(12/12/2), the
d12 regions were amplified using a common upstream
rimer oligo Ad12-HA and downstream primer oligos 11
nd 12, respectively. Using the Ad2 E1B gene cloned into
Bluescript as template, the Ad2 regions were amplified
sing 59 primer oligos 1 and 2 and the common 39 primer
13RP. Oligo Ad12-HA is 59-AAGAATTCATGTACCCAT-
CGATGTTCCAGATTACGCTGGATCCatggagcgagaaatc-
cacct-39 (EcoRI site in bold, HA coding sequence un-
erlined, BamHI site italicized, aminoterminal Ad12 E1B
5 kDa coding sequence in lowercase); oligo 11: 59-
TACTGTAAATGCATATCACC-39 (complementary to Ad12
ositions 223–2251; NsiI site underlined); oligo 12: 59-
CGCATAGTTTGATCAGACAC-39 (complementary to
d12 positions 2849–2869, BclI site underlined); oligo 1:
9-GTGATATGCATTTACaagtattccatagagcagctg-39 (Ad12
ositions 2232–2246 uppercase, Ad2 positions 2463–
483, lower case, NsiI site underlined); oligo 2: 59-
TGTCTGATCAAACTATGtctcagatgctgacctgctcg-39 (Ad12
ositions 2849–2866 uppercase, Ad2 positions 3078–
098 lowercase, BclI site underlined); M13RP: 59-
ACAGCTATGACCATG-39. Hybrids HA-E1B(12/2/2) and
A-E1B(12/12/2) were constructed by ligating NsiI and
clI fragments, respectively. Finally, all four Ad12/Ad2
1B 55 kDa hybrids were cloned into the unique EcoRI
ite of the expression vector pcDL-SRa296, and the cod-
ng regions were confirmed by sequencing. Although
A-E1B(2/12/12), HA-E1B(12/2/2) and HA-E1B(12/12/2)
ad the expected sequence, the HA-E1B(2/2/12) coding
egion was unstable and frequently mutated in Esche-
ichia coli. An untagged E1B(2/2/12) construct was ob-
ained and cloned into pcDNA3.1(2) (Invitrogen); how-
ver, after prolonged propagation in E. coli, the coding
egion of this hybrid E1B protein was interrupted by an
S10 insertion. These data suggest that growth in E. coli
elects against this particular hybrid 55 kDa protein but
ot against the other three closely related hybrids (see
esults).
ell culture
HT1080 human fibrosarcoma cells were cultured in
inimal essential medium (MEM) with 10% FBS.
401.6TG.C6 is a subclone of the rhabdoid kidney tumor
ell line G401; G401-CC3, G401-54KC19, G401-512RC3
nd G401-1-9 are stable transfectants of G401.6TG.C6
xpressing either Ad12 E1B 55 kDa protein or both the
1A and the E1B proteins (Steegenga et al., 1995b; kind
ifts of Dr. Aart Jochemsen). G401.6TG.C6 was grown in
MEM plus 10% FBS, hypoxanthine (15 mg/ml) and thy-
idine (10 mg/ml). Stable transfectants G401-CC3,
40154KC19, G401-512RC3, and G401-1-9 were propa-
ated in the same medium plus G418 (300 mg/ml).
Saos-2 cells were grown in DMEM medium with 10%
F
F
s
p
s
t
m
s
f
m
f
i
B
a
t
m
0
o
T
c
p
l
t
j
e
e
b
c
e
l
w
h
C
f
a
c
d
v
c
n
f
D
g
h
W
f
SDS, 0.1 M dithiothreitol (DTT) and 10 mM phenylmeth-
y
t
g
w
e
T
w
a
t
s
A
l
C
w
s
o
i
v
t
p
p
p
P
0
a
b
T
w
b
T
i
s
1
e
m
s
D
s
a
A
w
A
a
1
B
f
n
f
w
a
P
21INDUCTION OF RNU2 FRAGILITY BY Ad12 E1B 55 kDa AND p53BS.
luorescence in situ hybridization (FISH)
FISH protocols and U2 gene probes have been de-
cribed previously (Bailey et al., 1995). All biotinylated
robes were made by nick-translation. Chromosome
preads were prepared from asynchronous cell popula-
ions treated with colcemid (0.1 mg/ml) for 3 h. Approxi-
ately 20 ng of biotinylated probe and 10 mg sonicated
almon testes DNA in 20 ml of hybridization solution [50%
ormamide, 23 SSC, 10% dextran sulfate (Pharmacia), 50
M sodium phosphate (pH 7.0)] were denatured at 75°C
or 5 min, deposited on the chromosome spreads, and
ncubated overnight (;16 h) in a moist chamber at 37°C.
iotinylated probes were detected with FITC-conjugated
vidin (Vector Laboratories). Chromosomes were coun-
erstained with 4,6-diamidino-2-phenylindole (DAPI; 0.2
g/ml) and mounted in antifade solution [90% glycerol,
.1 M Tris–HCl (pH 8.0), and 2.3% 1,4-diazabicyclo-2,2,2-
ctane (DABCO)].
ransfection
Cultured cells were transfected either by lipofection or
alcium-phosphate precipitation essentially according to
rotocols supplied by the manufacturer (GIBCO-BRL). For
ipofection using Lipofectin, cells were seeded 16 h prior
o transfection, grown to ;50% confluence, and washed
ust prior to lipofection in OPTI-MEM (GIBCO-BRL). For
ach 10 cm dish, 32 ml lipofectin and 6.4 mg DNA were
ach diluted in 0.8 ml OPTI-MEM, then mixed and incu-
ated for 45 min at room temperature. The DNA-lipid
omplex was then diluted in 6.4 ml OPTI-MEM and lay-
red onto washed cells. Following a 6-h incubation, the
ipid-DNA solution was removed, fresh complete medium
as added, and the cells were grown for 30–48 h before
arvest.
omplementation assay for E1B 55 kDa and p53
unction
p53 expression constructs (Baker et al., 1992; Kern et
l., 1992) were the kind gift of Dr. Bert Vogelstein. The
omplementation assay was performed essentially as
escribed, usually using the pCH110 b-galactosidase
ector (Lim and Chae, 1989) to monitor transfection effi-
iency (Li et al., 1998b). Saos-2 cells were grown over-
ight in fresh medium to 30–50% confluence and trans-
ected by calcium-phosphate precipitation using 20 mg
NA for 1 3 107 cells. Transfected cells were replated,
rown for 16 h, then arrested with colcemid for 3 h before
arvest (Bailey et al., 1995).
estern blotting
Transfected cells were washed and then lysed on ice
or 10 min in 50 mM Tris–HCl (pH 7.5), 10% glycerol, 2%lsulfonyl fluoride (PMSF). Cell lysates were passed
hrough a 27G 1/2-in needle several times to shear
enomic DNA and heated for 10 min at 100°C. Proteins
ere separated on 10% SDS–polyacrylamide gels and
lectroblotted onto a nitrocellulose membrane in 25 mM
ris base and 190 mM glycine at 50 V for 3 h at 4°C. Blots
ere incubated with a 1:1000 dilution of monoclonal
ntibody 12CA5 against the HA tag. Proteins were de-
ected by enhanced chemiluminescence (ECL) as de-
cribed by the manufacturer (Amersham).
ntibody staining
Antibody staining was used to determine the intracel-
ular localization of the adenovirus E1B 55 kDa protein.
ells grown on glass coverslips were either transfected
ith plasmids containing various E1B 55 kDa swap con-
tructs prior to staining (HT1080) or stained directly with-
ut transfection (G401.6TG.C6 line stably expressing var-
ous adenovirus E1 proteins). After overnight growth (for
arious G401.6TG.C6 cell lines) or 24–48 h posttransfec-
ion (for HT1080), cells were washed three times with
hosphate-buffered saline (PBS), and fixed with freshly
repared 4% paraformaldehyde for 20 min at room tem-
erature. After washing for three times (5 min each) with
BS to remove fixative, the cells were permeabilized in
.2% Triton X-100 in PBS for 15 min at room temperature
nd rinsed briefly with PBS before incubation in blocking
uffer (2% fetal bovine serum, 0.1% sodium azide, 0.1%
ween 20 in PBS) for 1 h. The cells were then incubated
ith appropriately diluted primary antibody in blocking
uffer for 2 h, washed three times with TBS-T [20 mM
ris–HCl (pH 7.5), 0.5 M NaCl, and 0.05% Tween 20], and
ncubated with fluorescein- or Texas Red-conjugated
econdary antibody (1:100 dilution in blocking buffer) for
h. After washing three times with TBS-T, cells on cov-
rslips were stained with DAPI (0.2 mg/ml in PBS) for 10
in. Cells were washed briefly and mounted in antifade
olution [90% glycerol, 0.1 M Tris–HCl (pH 8.0), and 2.3%
ABCO]. The Ad12 E1B 55 kDa protein and swap con-
tructs containing its aminoterminus were detected with
rabbit antiserum raised by immunization with a purified
d12 E1B polypeptide (from the aminoterminus to K158
ith a carboxyl-terminal hexahistidine tag). HA-tagged
d2 E1B 55 kDa protein and swap constructs carrying its
minoterminus were probed with monoclonal antibody
2CA5 or 9C10 (Oncogene Science).
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